In the field of strongly correlated electron systems, the term 'hidden order' is often used to refer to a second-order phase transition whose order parameter has not yet been identified. One of the most well-known examples of this phenomenon is the 'hidden-order' transition in URu~2~Si~2~. This transition shows clear anomalies in terms of specific heat and transport data at *T*~HO~ = \~17.5 K[@b1][@b2][@b3]. However, previous studies have found no experimental indication of structural transition or conventional intrinsic magnetic order. Although a neutron scattering experiment detected a small ordered moment (\~0.03 *μ~B~* per uranium atom, where *μ~B~* represents the Bohr magneton) below *T*~HO~[@b4], the magnitude was too small to explain the large entropy release upon the transition. This small moment is now ascribed to an extrinsic effect[@b5]. Many theoretical models have been proposed to explain this mysterious order[@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16]; nonetheless, various important questions remain to be addressed experimentally.

The key questions with regard to this mysterious second-order transition are the type of spontaneous symmetry breaking and the property of Fermi-surface gapping in the momentum space. A recent magnetic torque experiment reported the breaking of four-fold rotational symmetry upon the transition[@b17]; however, the existence of other types of symmetry breaking remains an open question. In particular, while scanning tunneling spectroscopy (STS) studies ruled out electronic periodicity modulation within the *a*--*b* plane[@b18][@b19], possible translational symmetry breaking along the *c* axis (or *k*~z~ direction in the momentum space) has been indirectly suggested by neutron scattering[@b20] and further supported by quantum oscillation[@b21]. ([Figure S1(a)](#s1){ref-type="supplementary-material"} in the '[Supplementary Information](#s1){ref-type="supplementary-material"}' illustrates the crystal structure of URu~2~Si~2~.) Despite no experimental indication of structural change, a spectroscopic study may still be beneficial because the change in electronic states can be more drastic. As for the Fermi-surface gapping, two complementary spectroscopic probes have not revealed any consistent information: STS showed a gap opening at the Fermi level in the local density of states[@b18][@b19], but angle-resolved photoemission spectroscopy (ARPES), a momentum-space counterpart of STS, did not[@b22][@b23][@b24][@b25]. Therefore, although momentum-dependent electronic states have been reported, more detailed investigations both in the paramagnetic state and in the hidden-order state are necessary to address the above-mentioned key questions.

To study the momentum-dependent modifications of electronic states as a function of temperature, we employed ultrahigh-resolution three-dimensional ARPES. The tuning of excitation-photon energy allows us to probe various *k*~z~ values in the Brillouin zone of URu~2~Si~2~. (The Brillouin zone is illustrated in [Fig. S1(b)](#s1){ref-type="supplementary-material"} in the '[Supplementary Information](#s1){ref-type="supplementary-material"}'.) Moreover, previous studies that reported the observation of a narrow band[@b22][@b23] have indicated that meV-scale changes near the Fermi level can be important. Therefore, for our research purposes, we performed our experiments on high-quality single crystals at an ultrahigh-resolution ARPES endstation located at a third-generation synchrotron source.

Results
=======

Paramagnetic state
------------------

Photon-energy-dependent measurements in the paramagnetic state reveal several important insights into the observed band structures. [Figure 1](#f1){ref-type="fig"} shows ultrahigh-resolution ARPES data for the Γ-X direction recorded at 20 K. We used *hν* \~ 19 eV and \~34 eV to probe the Γ point and the Z point, respectively[@b26]. The upper panel shows data measured using 19-eV photons; the intensity map in [Fig. 1(a)](#f1){ref-type="fig"} shows a hole pocket (*k*~F~ \~ 0.16 Å^−1^) as well as a hole-like dispersive band whose top is well below the Fermi level. In addition, the corresponding energy-distribution curves (EDCs) in [Fig. 1(b)](#f1){ref-type="fig"} and the momentum-distribution curves (MDCs) in [Fig. 1(c)](#f1){ref-type="fig"} consistently provide evidence for these bands. The lower panel shows ARPES data measured using 34-eV photons; the intensity map in [Fig. 1(d)](#f1){ref-type="fig"} clearly shows a hole-like band whose top exists well below the Fermi level, and the MDCs in [Fig. 1(f)](#f1){ref-type="fig"} show the existence of a hole pocket. While the hole-like band observed at two different photon energies was experimentally shown as a surface-originated state[@b22][@b27], the hole pocket is also suggested as a surface-derived state owing to the absence of *k*~z~ dependence and its inconsistency with bulk-sensitive measurements (see [Supplementary Fig. S2 and Supplementary Discussion 1](#s1){ref-type="supplementary-material"} for details). Therefore, unlike previous studies that regarded the hole pocket as a bulk state, we suggest that the hole pocket is not related to the hidden-order transition.

One striking observation in our data is the existence of an additional structure in the 34-eV data. Although this additional structure was reported as a broad feature near the Fermi level[@b24][@b25], the EDCs in [Fig. 1(e)](#f1){ref-type="fig"} clearly show for the first time that the peak disperses toward the Fermi level as \|*k*~110~\| increases; this observation directly evidences the existence of an electron-like band. Furthermore, the MDCs in [Fig. 1(f)](#f1){ref-type="fig"} suggests that this electron-like band crosses the Fermi level at the wave vector *k*~F~ \~ 0.30 Å^−1^. To further confirm this picture, ARPES data normalized by resolution-convoluted Fermi functions are shown in [Supplementary Fig. S3](#s1){ref-type="supplementary-material"}; these data indicate that (1) no flat feature is discernible both above and below the Fermi level in the 19-eV data and (2) the electron band observed in the 34-eV data crosses the Fermi level at a wave vector consistent with the MDC-derived *k*~F~ value (see [Supplementary Discussion 2](#s1){ref-type="supplementary-material"} for additional notes). In addition, because the electron band is *k*~z~ dependent, it should be assigned as a bulk state. We note that the observation of a *k*~z~-dependent, well-defined dispersion of electron pocket is a new experimental insight which was not known previously.

Hidden-order state
------------------

Entering the hidden-order state results in an abrupt change in the electronic structures near the Fermi level. [Figure 2(a) and 2(d)](#f2){ref-type="fig"} show the ARPES intensity maps measured at 2 K by 19- and 34-eV photons, respectively; both maps show a narrow 'M-shaped' band near the Fermi level, a hole-like band, and a hole pocket, of which the last two are irrelevant to the hidden-order transition. In the corresponding second-derivative maps shown in [Fig. 2(b) and 2(e)](#f2){ref-type="fig"}, the 'M-shape' of the band is more clearly resolved. Moreover, the EDCs in [Fig. 2(c) and 2(f)](#f2){ref-type="fig"} do not support the Fermi-level crossing of the 'M-shaped' band because well-defined peaks appear below the Fermi level. This narrow 'M-shaped' band is similar to the one observed in the previous high-resolution studies[@b22][@b23][@b24][@b25]; however, it should be pointed out that while no flat dispersive feature was observed in the 19-eV data at 20 K, the 'M-shaped' band suddenly becomes observable by the use of 19-eV photons in the hidden-order state. In addition, we note that the 'M-shaped' band has its top at *k*~top~ \~ 0.16 Å^−1^ (indicated by the orange arrow in [Fig. 2(e)](#f2){ref-type="fig"}) and disperses away from the Fermi level around *k*~F~ \~ 0.30 Å^−1^ (Fermi vector of the electron pocket indicated by the red arrow in [Fig. 2(e)](#f2){ref-type="fig"}); this observation strongly suggests gap opening in the electron-like Fermi surface. Furthermore, because EDC-derived peak positions in the 19-eV data (black circles in [Fig. 2(e)](#f2){ref-type="fig"}) match the dispersion in the 34-eV data, it is suggested that these 'M-shaped' bands have the same origin.

Temperature-dependent electronic states
---------------------------------------

The temperature dependence of the photoemission spectra is shown in detail in [Fig. 3](#f3){ref-type="fig"}, with an emphasis on how the 'M-shaped' band is formed through the transition. [Figure 3(a)](#f3){ref-type="fig"} shows the temperature dependence of the second-derivative maps as measured using 34-eV photons (the second-derivative maps are compared with the corresponding raw data in [Supplementary Figure S4](#s1){ref-type="supplementary-material"}). Above the critical temperature, the renormalized electron pocket is observed below the Fermi level. The electron pocket starts to change its shape when cooled below the critical temperature, and further cooling results in the transformation of the electron pocket into an 'M-shaped' band. This temperature dependence confirms that the electron pocket is the origin of the 'M-shaped' band; since the hidden-order transition involves U 5*f* electrons[@b2], it is suggested that the electron pocket originates from a U 5*f* state. In contrast, the temperature dependence of the intensity map as measured using 19-eV photons in [Fig. 3(b)](#f3){ref-type="fig"} shows that the intensity of the 'M-shaped' band appears and is enhanced only below the critical temperature.

The temperature dependence of EDCs, as shown in [Fig. 3(c)--(f)](#f3){ref-type="fig"}, further clarify the momentum-dependent changes of electronic states. The spectral cut at *k*~110~ = 0 Å^−1^ as measured using 34-eV photons, shown in [Fig. 3(c)](#f3){ref-type="fig"}, indicates a peak develops upon cooling at *E*~B~ \~ 7 meV. Moreover, at the Fermi wave vector of *k*~F~ \~ 0.30 Å^−1^ ([Fig. 3(d)](#f3){ref-type="fig"}), the leading edge shifts toward the higher *E*~B~, and a sharp peak develops at *E* − *E*~F~ \~ 7 meV; these observations further support the gapping of the electron pocket upon the hidden-order transition. In contrast to the 34-eV data, the EDCs of 19-eV data in [Fig. 3(e)](#f3){ref-type="fig"} and [Fig. 3(f)](#f3){ref-type="fig"} show that a peak appears both at *k*~110~ = 0 Å^−1^ and at *k*~110~ = 0.16 Å^−1^ below the critical temperature. Moreover, the both peaks shift toward higher binding energies; although the shift is not clear for the cut at *k*~110~ = 0.16 Å^−1^ owing to the thermal effect, the EDCs normalized by the resolution-convoluted Fermi fuctions clearly demonstrate the shift of the peak with temperature (see the inset of [Fig. 3(f)](#f3){ref-type="fig"}). We note that this shift of the 'M-shaped' band is significantly different from the change of EDCs in the 34-eV data. Therefore, the data strongly suggest that the evolution of electronic states at the hidden-order transition is *k*~z~ dependent.

Discussion
==========

The major findings in the present study are summarized in [Figure 4(a) and 4(b)](#f4){ref-type="fig"}, from which we can learn about the nature of the hidden-order transition. In the paramagnetic state illustrated in [Fig. 4(a)](#f4){ref-type="fig"}, a renormalized electron-like Fermi surface exists around the Z point in the body-centered tetragonal Brillouin zone. We note that because no electron pocket is predicted at the Z point by local-density approximation (LDA), LDA may be insufficient to describe some of the electronic states near the Fermi level. The electron-like Fermi surface is gapped out upon the transition, and it evolves into a narrow 'M-shaped' band, as illustrated in [Fig. 4(b)](#f4){ref-type="fig"}. This observation can be attributed to the observed decrease in the number of carriers[@b28] and the development of a gap[@b29]. The observed gap is very peculiar because the top of the band after gapping (*k*~top~ \~ 0.16 Å^−1^) is not aligned with the original Fermi vector (*k*~110~ \~ 0.30 Å^−1^); this misalignment behaviour suggests that the gap is particlehole asymmetric. We note that similar misalignment is observed by ARPES for the case of a pseudogap in high-*T*~c~ cuprates, and it evidences the opening of a particle-hole asymmetric gap[@b30]. The energy scale of the gap in URu~2~Si~2~ is of the order of \~2--7 meV (here, the lower limit is obtained from the leading-edge shift, and the upper limit from the peak position), which is in accordance with optical spectroscopy and specific heat[@b3][@b29][@b31]. Moreover, the in-plane wave-vector position of the observed gap (*k*~F~ \~ 0.30 Å^−1^) is in agreement with ultrafast time- and angle-resolved photoemission spectroscopy[@b32].

The particle-asymmetric gap in the heavy electron pocket may be explained by the development of hybridization with a conduction band at *T*~HO~; however, we have the following remarks: (1) Our experimental data do not support the relevance of the hole pocket at *k*~110~ \~ 0.16 Å^−1^ to the bulk hybridization process at the transition. First of all, the hole pocket is suggested to be a surface-derived state, thus it should be irrelevant to the transition. In addition, if the light hole pocket at *k*~110~ = 0.16 Å^−1^ hybridizes with the heavy electron pocket and forms a gap *below the Fermi level*, two split peaks would show up in the EDCs of 19-eV data at *k*~110~ = 0.16 Å^−1^ ([Fig. 3(f)](#f3){ref-type="fig"}); however, we did not find any evidence for such split features below the Fermi level. Moreover, the wave vector of the hole pocket is smaller than the value deduced in previous spectroscopic studies[@b18][@b19][@b33], further supporting the irrelevance. (2) Our data support that the energy gap is formed at the Fermi level upon the transition, and the 'M-shaped' band does not cross the Fermi level below *T*~HO~. This picture is consistent with the previous STS studies[@b18][@b19], but is in contrast to the opening of a gap *in momentum* suggested by a recent ARPES study[@b25]. (3) Recall that a well-defined heavy fermion state which already exists above *T*~HO~ evolves into the 'M-shaped' band below *T*~HO~ around the Z point while no coherent state is observed around the Γ point above *T*~HO~; moreover, our data indicate that the temperature evolution of ARPES spectra is significantly *k*~z~ dependent. (Note that the *k*~z~-dependent temperature evolution cannot be explained by the mere intensity modulation due to the photoelectron matrix-element effect.) These observations cannot be explained only by the onset of hybridization between an incoherent (not well-defined) heavy fermion state and a conduction band at the transition temperature[@b24]. Therefore, although we do not exclude the role of 'spontaneous hybridization', we emphasize that the hybridization process between an incoherent state and a conduction band should not be the only effect at the transition. (4) There is no conclusive evidence for any bulk hole-like band being involved in the hybridization. One possible reconciliation is that another hole pocket remains undetected in ultrahigh-resolution ARPES owing to the matrix-element effect; another interesting possibility is that the 'M-shaped' band is formed by a mechanism unique to a two-channel Kondo lattice[@b33]; this model does not necessarily require the existence of a hole pocket in the disordered state.

The 19-eV data show that the 'M-shaped' band appears only in the ordered state around the Γ point. Although we observed the shift of 'M-shaped' band in the 19-eV data, its shape matches the dispersion observed in the 34-eV data when the order is well developed (say, at \~2 K); this observation strongly suggests that two high-symmetry points (Γ point and Z point) become equivalent in the ordered state, and the lattice\'s translational symmetry should be spontaneously broken along the *c*-axis with the ordering vector of (0, 0, 1). This picture is further supported by the existence of a well-defined heavy fermion state only around the Z point in the paramagnetic state; the electronic states at the Γ and the Z points are qualitatively different above *T*~HO~. The breaking of the translational symmetry along the *c*-axis is consistent with recent neutron data[@b20], the reentrant behaviour of the hidden order[@b34], and the similarity of the Fermi surfaces between the hidden-order state and the antiferromagnetic state[@b21]. Furthermore, as the present data show only electrons near the Fermi level change upon the transition, they may explain why x-ray scattering could not detect translational symmetry breaking.

The present experimental results would impose strong constraints on the models of the hidden order. Our results may be attributable to an antiferro-type multipole ordering along the *c*-axis[@b6][@b7][@b8][@b9][@b10][@b16]; they are also in accordance with exotic Fermi-surface nesting instabilities, in which the nesting vector of (0, 0, 1) plays a role[@b11][@b12][@b15]. However, we also note that an explanation beyond simple textbook-type band folding is necessary, as also pointed out recently[@b22][@b25]; future theoretical studies should address why the energy shift of the 'M-shaped' band around the Γ point was observed. We expect that this study will promote a better understanding of complicated electronic states in URu~2~Si~2~ and also provide a framework for future studies on exotic phase-transition phenomena in correlated materials.

Methods
=======

Preparation of URu~2~Si~2~ samples
----------------------------------

The stoichiometric proportions of the starting ingredients (depleted uranium: 99.9%, ruthenium: 99.99%, and silicon: 99.999%) were melted in a tetra-arc furnace, and single crystals of URu~2~Si~2~ were synthesized by the Czochralski method. The single-crystal ingot was cut using a spark cutter. The samples were annealed at 1075°C for 5 days under ultrahigh vacuum. The details are described in Ref. [@b35]. The high quality of the samples can be evidenced by quantum oscillation measurements[@b21].

Ultrahigh-resolution three-dimensional ARPES
--------------------------------------------

Ultrahigh-resolution three-dimensional ARPES was performed at a 'One-Cubed' ARPES endstation located at BESSY II (Berliner Elektronenspeicherring Gesellschaft fur Syn-chrotronstrahlung). The spectrometer consists of a Gammadata VG-Scienta R4000 electron analyser and a continuous flow He-3 cryomanipulator. Photons from the UE112_PGM-2b beamline were used, and the total energy resolution was 4--7 meV for 19--51 eV. The polarization of the incident photon was set to linear vertical unless otherwise noted. The analyser\'s slit was aligned along the \[110\] direction, which corresponds to the Γ-X direction in the body-centered tetragonal Brillouin zone of URu~2~Si~2~. Samples were cleaved *in-situ* at room temperature in ultrahigh vacuum. Temperature-dependent measurements were performed in the range of 2--22 K in a cyclic manner.
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![High-resolution ARPES data measured along the Γ-X direction for the paramagnetic state of URu~2~Si~2~ (20 K).\
(a) ARPES intensity map measured using 19-eV photons. The momentum-distribution curve (MDC) at the Fermi level fitted with Lorentzian functions is also shown. (b) The energy distribution curves (EDCs) corresponding to the data in (a). (c) The MDCs corresponding to (a). (d) ARPES intensity map measured using 34-eV photons. The MDC at the Fermi level fitted with Lorentzian curves is also shown. (e) EDCs corresponding to (d). (f) MDCs corresponding to (d). Note that the positions of *k*~F~ are indicated by dots in (c) and (f), and the broken lines in (c), (e) and (f) are guides for the eye.](srep02750-f1){#f1}

![High-resolution ARPES data measured along the Γ-X direction for the hidden-order state of URu~2~Si~2~ (2 K).\
(a) ARPES intensity map measured using 19-eV photons. (b) The second-derivative map corresponding to (a). (c) The energy-distribution curves corresponding to (a). (d) ARPES intensity map measured using 34-eV photons. (e) The second-derivative map corresponding to (d). Black circles show the EDC-derived peak positions of the 'M-shaped' band in the 19-eV data. The red arrow indicates the position of *k*~F~, and the orange arrow shows the top of the 'M-shaped' band. (f) The energy-distribution curves corresponding to (d). The broken lines in (c) and (f) are guides for the eye. Note that the spectra were measured with circular polarization.](srep02750-f2){#f2}

![Temperature dependence of 'M-shaped' band probed at two high-symmetry points.\
(a) Temperature dependence of the second-derivative maps measured using 34-eV photons (b) Temperature dependence of ARPES intensity maps measured using 19-eV photons. (c) The spectral cuts at *k*~110~ = 0 Å^−1^ recorded using 34-eV photons. (c) The spectral cuts at *k*~F~ = 0.30 Å^−1^ for 34 eV. (d) The energy-distribution curves at *k*~110~ = 0 Å^−1^ for 19 eV. (f) The spectral cuts at *k*~110~ = 0.16 Å^−1^ for 19 eV. The EDCs at 2 K and 12 K are also presented in the inset after being normalized by the resolution-convoluted Fermi functions.](srep02750-f3){#f3}

![Schematic description of electronic states observed (a) in the paramagnetic phase and (b) in the hidden-order phase.\
Red lines represent bulk-originated states, and blue lines indicate *k~z~*-independent states that are irrelevant to the hidden-order transition. The electron pocket at the Z point becomes gapped upon the transition and evolves into an 'M-shaped' band. A similar narrow band appears at the Γ point only in the hidden-order state, indicating the emergence of spontaneous translational symmetry breaking.](srep02750-f4){#f4}
